background: Post-zygotic chromosome segregation errors are very common in human embryos after in vitro fertilization, resulting in mosaic embryos. However, the significance of mosaicism for the developmental potential of early embryos is unknown. We assessed chromosomal constitution and development of embryos from compaction to the peri-implantation stage.
Introduction
Most of our current knowledge concerning the chromosomal constitution of human preimplantation embryos comes from the analysis of cleavage-stage embryos by preimplantation genetic screening (PGS) performed 3 days after fertilization, when embryos are usually composed of 6-10 cells (blastomeres). Molecular cytogenetic analysis of interphase nuclei by fluorescent in situ hybridization (FISH) has been † These authors contributed equally to this article. the most frequently used technique for the analysis of chromosomal abnormalities in human embryos. Data obtained by such studies have indicated that more than 50% of human cleavage-stage embryos generated by in vitro fertilization (IVF) contain chromosomally abnormal cells (Delhanty, 2005) . These abnormalities may arise from an error during meiosis, resulting in a uniform abnormality present in all cells, or from segregation errors occurring during the first mitotic divisions. The latter event results in chromosomal mosaicism, defined as the coexistence of karyotypically distinct cell lineages derived from a single zygote.
Mosaic embryos can be composed of a mixture of chromosomally normal and abnormal cells or of abnormal cells with different abnormalities. Mosaicism has been reported to affect up to 91% of human preimplantation embryos if all cells are investigated (Voullaire et al., 2000; Wells and Delhanty, 2000; Bielanska et al., 2002a; Clouston et al., 2002; Baart et al., 2006; Mantzouratou et al., 2007; Vanneste et al., 2009) . Studies using comparative genomic hybridization (CGH) and array CGH in human preimplantation embryos, allowing the screening of all chromosomes, have confirmed the high prevalence of chromosomal mosaicism at this early stage of development and also demonstrated the high incidence of structural abnormalities (Voullaire et al., 2000; Wells and Delhanty, 2000; Vanneste et al., 2009) .
These recent findings have changed our understanding of the cytogenetic processes occurring at the cleavage stage. However, the implications of chromosomal mosaicism for further embryonic development and implantation remain unclear. So far, the majority of the studies investigating the chromosomal constitution of human blastocysts have suggested no definite selection against most of the chromosomal abnormalities observed at the cleavage stage (Benkhalifa et al., 1993; Evsikov and Verlinsky, 1998; Magli et al., 2000; Ruangvutilert et al., 2000; Sandalinas et al., 2001; Bielanska et al., 2002a; Coonen et al., 2004; Baart et al., 2006; Fragouli et al., 2008) . Although there are reports of an increase in the proportion of blastocysts showing chromosomal mosaicism, compared with early cleavage-stage embryos (Sandalinas et al., 2001; Bielanska et al., 2002a) , the proportion of aneuploid cells within an embryo seems to decline towards the blastocyst stage (Ruangvutilert et al., 2000; Bielanska et al., 2002a) .
In spite of the high frequency observed in preimplantation embryos, a low percentage (0.3%) of aneuploidy is found at term birth (Hassold et al., 1996) . Although up to 91% of preimplantation embryos are mosaic (Vanneste et al., 2009) , the incidence of mosaicism in spontaneous miscarriage specimens is significantly lower (,10%). First trimester diagnoses in chorionic villi from viable pregnancies show an even lower incidence of mosaicism (1-2%) . It therefore seems that the majority of mosaic embryos disappear prior to the period of first trimester, either due to a selection against mosaic embryos, or 'normalization', due to selection against abnormal cells within the embryo . However, a 'black box' remains concerning events surrounding implantation (Macklon et al., 2002) .
At present, our knowledge of the fate of the mosaic human embryo is limited to the blastocyst stage at Day 6 post-fertilization. Clearly, if the significance of mosaicism for subsequent development is to be understood, events subsequent to this stage need to be elucidated. The aim of the present study was therefore to assess the prevalence of mosaic embryos and how the chromosomal constitution of human embryonic cells evolves from compaction to the peri-implantation period at Day 8 post-fertilization, using an in vitro implantation model.
Materials and Methods

Embryos
Surplus cryopreserved preimplantation embryos were donated with written consent by 25 couples undergoing routine IVF at the University Medical Centre Utrecht in the period between April 1997 and October 2003. Women participating in this study were aged between 29 and 41 years old and all became pregnant in the fresh cycle. The use of these embryos for this study was approved by the Dutch Central Committee on Research Involving Human Subjects (CCMO-NL12 481.000.06) and the local institutional ethics committee.
Ovarian stimulation, oocyte retrieval and IVF procedures, including assessment of embryo morphology, were performed as described previously (Heijnen et al., 2007) . A maximum of 2 day four embryos were transferred per cycle. Supernumerary good-quality embryos showing some degree of compaction and ,20% fragmentation were cryopreserved. Cryopreservation was performed in straws using a slow freezing standard protocol of 1.5 M dimethyl sulfoxide (DMSO) in HTF medium containing 10% GPO (human plasma solution, CLB, Amsterdam, The Netherlands). The embryos were cooled to 268C for seeding and subsequently slowly cooled to 2408C (rate 0.38C/min). Finally, they were cooled rapidly at 2258C/min to 21408C, before immersion in liquid nitrogen. Figure 1 summarizes the experimental setup of this study. A total of 112 day four cryopreserved embryos were used for this study, after storage for an average of 8.6 years (range: 4.7 -11.9). Of these, 21 randomly selected Day 4 embryos were thawed and all the cells were fixed within 10 min after removal from liquid nitrogen. Whole embryos were fixed on slides as described for blastomere spreading (see section 'Biopsy and fixation of blastomeres and embryos'). From the remaining 91 embryos, a total of 57 survived the thawing procedure, consisting of consecutive washes in decreasing DMSO concentrations. These embryos were then transferred to culture medium supplemented with 14.2% GPO and biopsied within 2 h, making use of the spontaneous decompaction embryos demonstrated shortly after thawing and when washed in calcium/ magnesium-free medium (G-PGD medium, Vitrolife, Sweden). Before the biopsy procedure, the embryos were scored for quality and number of blastomeres, according to previously described criteria (Huisman et al., 2000; Hohmann et al., 2003) . Embryos at an advanced and irreversible stage of compaction (n ¼ 3) were not biopsied and therefore excluded from this study.
Embryo-endometrial stromal cell co-culture Biopsied embryos (n ¼ 54) were cultured for a further 24 h under standard embryo culture conditions (Heijnen et al., 2007) . Six of these had degenerated and were therefore not analysed. On Day 5, embryos arrested before cavitation (n ¼ 24) were fixed, whereas developing blastocysts (n ¼ 24) were co-cultured on a monolayer of decidualized endometrial stromal cells for a further 72 h, as described previously (Carver et al., 2003) . In short, endometrial tissues at different stages of the menstrual cycle were obtained from fertile patients undergoing hysterectomy for benign conditions. Samples of surplus endometrial tissue were collected from the Pathology department of the UMCU, with consent from the patients. Endometrial stromal cells were isolated as described previously (Carver et al., 2003) and decidualization was induced by culturing confluent endometrial stromal cells in the presence of 0.5 mM 8-Br-cAMP and 1 mM MPA (both Sigma, UK) for 3 -5 days. Day 5 embryos showing signs of cavitation were subjected to 0.1% Pronase in HEPES buffered HTF to remove the zona pellucida and then co-cultured with confluent monolayers of decidualized endometrial stromal cells for 72 h in the presence of DMEM/F-12 complete medium (Invitrogen, USA). At the end of the co-culture period, embryos were photographed by phase-contrast microscopy, using a Zeiss Axio Observer inverted microscope and the AxioVision imaging system (Zeiss, Germany) (Fig. 2C) . Finally, Day 8 embryos were removed from the co-culture and fixed on a slide as described below, the number of blastomeres were counted, and all nuclei were analysed by FISH ( Fig. 2D and E ).
Biopsy and fixation of blastomeres and embryos
Prior to biopsy, embryos were washed twice in calcium/magnesium-free medium (G-PGD medium) and then incubated in the same medium for 5 min at 378C, allowing decompaction. The biopsy was performed on the heated stage of a Nikon IX-70 microscope, equipped with micromanipulation tools. An infrared diode laser system (OCTAX Laser Shot, OCTAX Microscience GmbH, Germany) with appropriate software (OCTAX EyeWare) was used for dissection of the zona pellucida prior to biopsy. The retrieved blastomeres were dissolved in lysis buffer (0.01 N HCl, 0.1% Tween 20) and the nuclei were fixed on poly-L-lysine coated slides using methanol:acetic acid (3:1), as described before (Dozortsev and McGinnis, 2001; Baart et al., 2004) . Non-biopsied Day 4 and biopsied embryos that either were arrested at Day 5 or developed until Day 8 were also dissolved using lysis buffer (0.01 N HCl, 0.1% Tween 20) to remove the zona pellucida and the cytoplasm. Nuclei were washed by gentle agitation of the lysis solution until clear and good spreading of nuclei was evident to minimize overlapping. Finally, a drop of methanol:acetic acid (3:1) was added for fixation. Fixed nuclei from biopsied blastomeres and whole embryos were viewed using a phasecontrast microscope and their location marked with a diamond pen. Preparations were air-dried and stored at 2208C for up to 6 months prior to FISH analysis.
Fluorescent in situ hybridization
Two rounds of five colour FISH were applied to single blastomeres or embryos. In the first round, FISH was performed for chromosomes 1, 7, 15, X and Y and in the second round for chromosomes 13, 16, 18, 21 and 22. The DNA probes used in the first round were centromere probes for chromosomes 1 [pUC 1.77; (Cooke and Hindley, 1979) ], 7 [pa7t1; (Waye et al., 1987) ], 15 [pTRA-20; (Choo et al., 1990) ], X [pBamX5; (Willard et al., 1983) ] and a Y chromosome heterochromatin probe (RPN1305; (Lau, 1985) ). These were labelled as described previously (Baart et al., 2007) , but using a BioPrime DNA labelling kit (Invitrogen), according to the instructions of the manufacturers. The second round of FISH was performed using a commercial ready-to-use probe mix containing centromere probes (Multivysion PB kit; Vysis, USA). The efficiency of the FISH probes was tested on cultured and uncultured peripheral lymphocyte spreads from two men and two women with normal karyotypes. Slides were prepared according to standard protocols and hybridized using the same protocol as for the embryonic cells. Chromosome localization of the probes was verified on metaphase spreads and FISH signals were counted in 100 interphase nuclei. In addition, the positions of 10 individual nuclei were recorded and images were obtained after each round to check for persisting signals from the first round.
Hybridization was performed as described previously (Baart et al., 2007) . Per slide, 0.2 ml (single blastomeres) or 0.4 ml (whole embryos) of hybridization mixture was applied. Slides were examined with a Zeiss Axio Observer epifluorescence-equipped inverted microscope, using appropriate filters. An 'embryo map' was drawn for whole embryos, marking the location and attributing a number to the individual nuclei. Images of representative nuclei were captured with AxioVision imaging system. After the second round, images of the same nuclei were recorded and compared with those from the first round to ensure these had not persisted. Overlapping nuclei were excluded from the FISH analysis.
FISH signal analysis and interpretation
For both rounds, we used the scoring criteria previously published (Munne et al., 1998) . On the basis of the analysis of two blastomeres per embryo, we classified Day 4 embryos as normal (both nuclei showing the normal amount of signals for the chromosomes investigated), mosaic (one normal nucleus and one abnormal or each nucleus showing a different abnormality) ( Fig. 2A and B) or abnormal (both nuclei carrying the same abnormality). Day 4 embryos in which only one blastomere was analysed were classified as chromosomally normal or abnormal. After analysis of all the cells from each embryo on Days 4, 5 or 8, we used the following definitions on the basis of the results obtained. To distinguish between true aneuploidy and FISH artefact, an abnormal cell line was defined as at least 10% of the nuclei showing the same chromosome abnormality. This threshold is frequently used in cytogenetics, if control material is lacking. Applying this criterion resulted in embryos being classified as normal if at least 60% of nuclei showed a normal chromosome constitution, and more importantly, if ,10% of the nuclei showed the same chromosome abnormality. Embryos were classified as aneuploid if .90% of nuclei showed the same abnormality and if ,10% of the nuclei showed a normal or different abnormal chromosome constitution. Embryos were classified as mosaic, if composed of cells with either a normal or an abnormal chromosomal constitution, with between 10 and 90% of the cells showing the same chromosomal abnormality. Chaotic embryos were classified as such when almost all the cells showed different and complex chromosomal abnormalities. Embryos with .90% haploid, tetraploid or triploid nuclei were classed as such. However, we considered the occurrence of some tetraploid cells as a normal phenomenon of in vitro cultured embryos (Evsikov and Verlinsky, 1998; Bielanska et al., 2002a) and counted them as normal cells.
After reanalysis on Day 5 and 8, confirmation rates were calculated to investigate the reliability of the Day 4 diagnosis. The chromosomal constitution diagnosed at Day 4 was considered to be cytogenetically confirmed when the chromosome constitution of the investigated blastomeres was reflected in at least 10% of the cells within the embryo analysed on Day 5 or 8 (Baart et al., 2006) .
After the proportions of chromosomally normal cells per embryo were calculated, statistical analysis using Pearson correlation coefficient allowed testing for statistical significance, with P , 0.05 considered significant.
Reanalysis of data collected in a previous study
In the present study, the FISH analysis performed at Day 5 postfertilization was done on selected embryos showing signs of developmental arrest before reaching the blastocyst stage. Therefore, this group of embryos is unlikely to be representative of the chromosomal constitution of good-quality Day 5 embryos (blastocysts). In a study previously published by our group (Baart et al., 2007) , cryopreserved good-quality Day 5 blastocysts (n ¼ 36) were analysed by FISH for 15 chromosomes. In order to gain insight into the changing chromosomal constitution of embryos between Days 4, 5 and 8, we included data from Baart et al. (2007) , excluding the information regarding five extra chromosomes not analysed in the present study. The proportion of normal cells was then calculated. Statistical analysis using Pearson correlation coefficient allowed testing for statistical significance, with P , 0.05 considered significant.
Results
Control lymphocytes
Home-labelled probes used were the same as previously described (Baart et al., 2007) . These probes were tested on 10 metaphase and 100 interphase nuclei of lymphocytes to check localization and test for FISH efficiency. The hybridization efficiencies for the individual probes were calculated as the percentage of nuclei showing the expected number of signals and ranged between 94 and 100%, depending on the individual DNA probe. This was comparable to what has been described previously (Baart et al., 2007) .
Analysis of non-biopsied Day 4 embryos
In order to assess the chromosomal constitution and incidence of mosaicism of compacting embryos, cryopreserved Day 4 embryos were thawed (n ¼ 21) and fixed within 10 min after removal from liquid nitrogen. None of the Day 4 embryos successfully analysed by FISH (n ¼ 18) consisted of only normal cells (Supplementary data, Table S1 ). Only one (6%) embryo was classified as normal (embryo 1) according to our definition, with 3/15 (20%) differently abnormal cells (Fig. 3 and Table I ). Of the remaining thawed Day 4 embryos, 15 (83%) were diagnosed as mosaic and two (11%) were chaotic. The average percentage of chromosomally normal cells per embryo was 55% (range 0-83%).
FISH analysis of blastomeres and biopsied embryos
In total, 91 blastomeres from 53 compacting embryos were analysed by FISH. From 18 embryos, one cell was available for analysis and for 33 embryos the analysis was based on two blastomeres. Embryos 38 and 50 showed partial compaction by the time of biopsy, and therefore 3-cell were inadvertently biopsied. From the group of embryos where a single blastomere was biopsied, 39% were normal. In the group of embryos with two or three blastomeres biopsied, 40% were normal, 54% were mosaic and 6% were abnormal (Tables II  and III) . FISH analysis of two blastomeres is consistent with the analysis of all cells from non-biopsied morulas, revealing a high rate of mosaicism, with more than half (54%) of the embryos identified as mosaic. These findings are also comparable to our earlier report on Day 3 biopsy of cryopreserved embryos, where 24% of embryos with two cells biopsied (n ¼ 21) were chromosomally normal, 57% were mosaic and 19% were abnormal (Baart et al., 2004) .
Analysis of biopsied Day 5 and Day 8 embryos
After embryo biopsy and FISH analysis, embryos were reanalysed at Day 5 if arrested at that time or at Day 8 and the diagnosis compared with the Day 4 analysis. From the 24 embryos arrested before cavitation that were fixed on Day 5, 20 were successfully analysed after two rounds of FISH, showing that 14 (70%) were mosaic, 4 (20%) normal and 2 (10%) chaotic (Fig. 3 and Table II) . From the 24 blastocysts put into co-culture, 8 had degenerated by Day 8 and could not be retrieved. The remaining 16 embryos were successfully fixed on that same day. However, four embryos were excluded from further analysis due to failed hybridization for the second round of FISH. In total, 2859 blastomere nuclei from 12 embryos were analysed for 10 chromosomes (Supplementary data, Table S2 ). In 8% of the nuclei, some overlap was observed and these were excluded from the FISH analysis. We diagnosed 7 day eight blastocysts (58%) as normal and 5 (42%) as mosaic. No Day 8 embryo consisted of only normal cells, nor did we find an embryo with uniform aneuploidy. In each embryo, a range of cells with different abnormalities was found, with each abnormality present in cell numbers not reaching the 10% threshold of our definition for a mosaic cell line. For instance in embryo 43, several cells with either a monosomy 1, monosomy 15, monosomy 16, monosomy 18, trisomy 13, monosomy 13, trisomy 21, monosomy 21 or monosomy 22 were present (Supplementary data, Table S2 ). These nine different abnormalities cannot all have originated from errors arising during the first cleavage divisions. This may therefore indicate that new segregation errors have occurred in this embryo after Day 4. The average percentage of chromosomally normal cells per embryo was 66% (range 35 -84%).
Tables II and III summarize the interpretation of the FISH analysis on Days 5 (embryos arrested before cavitation) and 8 (developing blastocysts) and compare observations with the results from the biopsy on Day 4. The Day 4 diagnosis was not predictive of the potential of the embryo to develop until Day 8. Reanalysis of biopsied embryos that either arrested before cavitation or developed until Day 8 showed similar cytogenetic confirmation rates (40% for arrested embryos and 36% for Day 8 embryos). However, the proportion of embryos with a false positive diagnosis on Day 4 (i.e. embryos that were diagnosed as abnormal or mosaic on Day 4 but classified as normal after reanalysis) was higher on Day 8 embryos (4/7 ¼ 57%) than on arrested embryos analysed at Day 5 (2/12 ¼ 17%) (Tables II and  III) . Conversely, the incidence of a false negative diagnosis was higher on Day 5, where 6/8 (75%) embryos diagnosed as normal on Day 4 were found to be mosaic on Day 5, whereas 1/4 (25%) Day 8 embryos were falsely diagnosed as normal. This was largely due to the increased incidence of chromosomally normal embryos on Day 8, with the percentage of embryos diagnosed as mosaics falling from 70% on Day 5 to 42% on Day 8 (Fig. 3) . Reanalysis of the FISH results of Day 5 good-quality blastocysts analysed in a study by Baart et al. (2007) showed a lower percentage of chromosomally mosaic Day 5 blastocysts (58%) (Fig. 3) than observed in the present study (70%), where embryos arrested before cavitation were analysed at Day 5. Overall, we identified seven cases (7/50 ¼ 14%) where at least one of the abnormalities observed likely originated during meiosis.
For each reanalysed embryo, the proportion of chromosomally normal cells was determined and correlated to the total number of cells. We found a significant positive correlation (P ¼ 0.034) between the total number of cells and the percentage of normal cells of Day 8 embryos (Fig. 4D) . However, non-biopsied Day 4 embryos and embryos arrested at Day 5 showed no such correlation ( Fig. 4A and B) . In contrast to the embryos arrested before cavitation analysed at Day 5, data derived from our earlier study on good-quality Day 5 blastocysts (Baart et al., 2007) did show a significant (P ¼ 0.002) positive correlation between the total number of cells and the percentage of normal cells (Fig. 4C) .
Discussion
In the present study, we performed FISH analysis of human embryos in order to assess the frequency of chromosomal mosaicism at three different stages of development (morula, preimplantation blastocyst and peri-implantation blastocyst). Good quality, frozen-thawed morula-stage embryos were either fixed with all cells analysed, or biopsied and allowed to develop in vitro. Reanalysis was performed either at Day 5, in case of developmental arrest, or at Day 8. Data derived from a previous study done by our group on cryopreserved good-quality Day 5 blastocysts were included. This approach allowed us to evaluate the chromosomal constitution of human embryos during different stages of development and to determine how chromosomal constitution may influence the developmental capacity of embryos.
Consistent with previous findings (Baart et al., 2007) , we found almost all embryos to be mosaic at the morula stage. This high rate of mosaicism is reflected in our results obtained after biopsy and FISH analysis of one or two cells from Day 4 embryos. We found that the incidence of mosaic embryos decreased over time, with a significant decrease between Day 4 and Day 8 blastocyst stage (Fig. 3) . Moreover, we found a positive correlation between the total number of cells in the embryo and the proportion of chromosomally normal cells in developing Day 5 and Day 8 blastocysts, but not in Day 4 morulas and embryos arrested before cavitation. Finally, we observed that FISH diagnosis on one or two blastomeres of Day 4 embryos was not predictive of subsequent developmental potential.
The high incidence of chromosomal abnormalities in cleavage-stage embryos has been brought to light by several studies employing PGS -FISH in recent years (Delhanty, 2005) . However, it is still unclear which mechanisms lead to such high aneuploidy rates. The inefficiency of the cell cycle checkpoints during the first cleavage divisions (before embryonic genome activation at around the 8-cell stage) (Tesarik et al., 1986; Braude et al., 1988) has been suggested as a possible cause for improper chromosome segregation . According to this hypothesis, activation of the embryonic genome and initiation of compaction could lead to the establishment of functional cell cycle checkpoints, resulting in prevention of new errors and the developmental arrest of chromosomally abnormal cells and/ or the entire embryo. In the present study, we investigated the frequency of chromosomal abnormalities after compaction, to ascertain whether the incidence of chromosomal abnormalities decreases after presumable activation of the embryonic genome.
FISH analysis of morula-stage embryos revealed that the great majority of Day 4 embryos (83%) are mosaic according to our definition, and no embryo consisted of normal cells only. Thus, the compaction stage does not provide a developmental barrier for chromosomally abnormal or mosaic embryos. These results are concordant with data from a previous study by our group, where FISH analysis of 15 chromosomes in cryopreserved compacted morulas Chaotic embryo, where all the cells had different combinations of abnormalities. However, 58% of the cells showed errors in common: +1, +7, +15, +X. 2N, normal copy number for the chromosomes investigated; Mos, mosaicism; null, nullisomy. In the mosaic cases the different abnormal cell lines are presented according to their size with the largest first. A normal diploid cell line is always listed last (ISCN, 2009). 3 Case where the chromosomal abnormality might have had a meiotic origin followed by a subsequent mitotic error.
(n ¼ 12) revealed all embryos to be mosaic (Baart et al., 2007) . Cryopreservation has been suggested to possibly induce chromosomal abnormalities after thawing and subsequent culture (Iwarsson et al., 1999; Baart et al., 2004; Salumets et al., 2004) . Therefore, both in the present and in the previous study by Baart et al. (2007) , embryos were fixed immediately after thawing to avoid changes in chromosome constitution. Work done by Bielanska et al. (2002a, b) using fresh embryos showed that more than half of morula-stage embryos are mosaic (58%), when screening for nine chromosomes. We therefore believe our results to be a good representation of the chromosomal constitution of morula-stage embryos. When comparing the percentage of mosaic embryos at Day 4 and in Day 5 blastocysts, we observed a significant decrease by Day 5 of development (Fig. 3) . This suggests that a proportion of mosaic Day 4 embryos do not reach the blastocyst stage. We report a decrease in the incidence of mosaic embryos over time, with the lowest incidence observed at Day 8. The decrease of mosaic cases over time may be partially caused by our definition of mosaicism, which requires at least 10% of the cells to carry the same chromosome abnormality. This criterion is currently the best available method to distinguish true aneuploidy from FISH artefacts, when control material is lacking. However, it may lead us to underestimate the proportion of mosaic embryos at Day 8 and overestimate at Day 4 and Day 5. An example is embryo 46 (Table III) , where only 63% of the cells were found to be normal, but none of the abnormalities reached the 10% threshold. It is currently not known if this embryo could be diagnosed ..................................................................................................................................................................................... Case where the chromosomal abnormality might have had a meiotic origin followed by a subsequent mitotic error. as normal, since the minimal proportion of normal cells needed for further normal development is yet unknown. The presence of chromosomally abnormal cells does not exclude blastocyst development, as seen in this and previous studies (Sandalinas et al., 2001; Coonen et al., 2004; Bielanska et al., 2005; Fragouli et al., 2008) . However, our data also suggest that a significant proportion of mosaic embryos undergo developmental arrest before reaching the blastocyst stage. According to the model proposed by Evsikov and Verlinsky (1998) , if the number of aneuploid cells at the morula stage reaches a certain threshold level, there is self-elimination (arrest) of the whole embryo. However, embryos with a number of aneuploid cells below the threshold level develop further and reach the blastocyst stage. So far this hypothesis of a threshold has not been directly investigated, but mouse knockout models have shown that up to 30% of aneuploid cells can be tolerated in apparently healthy animals (Li et al., 2009) .
Contrary to somatic cells, human and mouse embryonic stem cells (ESCs) containing chromosomal abnormalities do not initiate apoptosis. However, upon differentiation of ESCs, there is apoptosis of chromosomally abnormal cells (Mantel et al., 2007) . A similar mechanism has been suggested to be involved in human preimplantation embryos, where differentiation is initiated with the formation of the blastocyst. Thus, selection against chromosomally abnormal cells may be initiated at the blastocyst stage, via the elimination and/or non-proliferation of such cells (Ambartsumyan and Clark, 2008) .
In this study, we aimed at finding indirect evidence supporting the model where apoptosis of chromosomally abnormal cells is initiated upon differentiation at the blastocyst stage, but not before this stage of embryonic development. Therefore, we tested for a correlation between the total cell number and the percentage of normal cells within an embryo at Day 4, Day 5 (arrested and blastocyst), and Day 8 (Fig. 4) . We found a significant positive correlation between the total number of cells and the percentage of chromosomally normal cells per embryo in Day 5 blastocysts and Day 8 periimplanted embryos, but not in Day 4 morulas or embryos arrested before cavitation. The difference in the results for the two groups analysed at Day 5 (arrested embryos that failed to initiate cavitation and blastocysts) support the model. Thus, our data provide indirect evidence that cavitation may be critical for the onset of a negative selection against abnormal cells (Evsikov and Verlinsky, 1998) and/ or for the establishment of a growth advantage of the normal over the abnormal cells (Wells and Delhanty, 2000; Coonen et al., 2004) . Surprisingly, analysis of Day 8 embryos showed the persistence of high numbers of cells with different chromosomal abnormalities until this stage of development (Supplementary data, Table S2 ), although not falling within the range of our definition for mosaicism. The identification of numerous different segregation errors at Day 8 indicates that new abnormalities can arise after cavitation. This may explain the reported poor predictive value of FISH diagnosis on one or two blastomeres of Day 4 embryos. Out of the 50 embryos analysed, we identified seven embryos (14%) where at least one of the abnormalities was likely to have been caused by a meiotic error. All of these cases were combined with additional post-meiotic errors.
This study is the first to provide insight in the fate of chromosomally abnormal cells in human embryos during development from the morula stage up to the peri-implantation stage of Day 8. It is however important to note that the embryos studied have been cultured in vitro for an extended time period. In vitro culture conditions may affect the chromosomal competence of embryos, as demonstrated in a mouse model (Hodges et al., 2002) . It is also important to note that the possible effect of embryo-endometrial stromal cell co-culture is also unknown. However, co-culture of human embryos and stromal endometrial cells is established in the routine practice of some IVF centres and has been associated with increased pregnancy and implantation rates (Mercader et al., 2003) . No increased risk of congenital birth defects associated with the co-culture technique have been reported. Furthermore, embryos have been selected (first for cryopreservation and later for co-culture from Day 5 to Day 8) and therefore may not reflect the general blastocyst population. Additionally, we only analysed the copy number of 10 of the 23 pairs of chromosomes and we have no information on the incidence of structural abnormalities. These have recently been demonstrated to be highly prevalent in human IVF embryos (Vanneste et al., 2009) . However, the embryos used in this study represent the best currently available model accessible for research.
Tetraploidy has been described as a normal phenomenon in embryonic trophoblast cells (Edgar and Orr-Weaver, 2001 ). Furthermore, the occurrence of some tetraploid cells has been considered as a normal phenomenon of in vitro cultured embryos (Evsikov and Verlinsky, 1998; Bielanska et al., 2002b) . Therefore, we included tetraploid and near tetraploid cells into the group of chromosomally normal cells. However, our definition may lead to an underestimation of the incidence of chromosomal abnormalities, as tetraploid cells can arise after aberrant cell division (Brito and Rieder, 2006) . We have at the moment no method of distinguishing between these possibilities.
In conclusion, our data suggest that a proportion of mosaic embryos undergo developmental arrest between compaction and cavitation. If the embryo continues to develop, reduced proliferation or cell death of aneuploid cells may be responsible for the increased proportion of chromosomally normal cells throughout development of human embryos. Although the biological implications of chromosomal mosaicism has not been well explored yet, emerging evidence illustrate that we may currently underestimate the impact on embryonic development and disease in later life (Iourov et al., 2008) .
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